Abstract One of the most fascinating ignition schemes for the inertial fusion energy that might be feasible is fast ignition. Its targets are ignited on the outside surface so there is no need to low density and high temperature center is required by central hot spot ignition. Fast ignition concept is noteworthy for a simple but fundamental reason: In principle it requires less total energy input to achieve ignition. In this paper, fuel energy and fuel energy gain of nearly pure deuterium capsule are calculated. This capsule is ignited by a deuterium-tritium seed, which would reduce the tritium inventory to a few percentages. The variations of fuel energy gain versus fuel density have been studied and submitted. On the basis of different physical parameters the following results of the investigation are presented and discussed. The energy gain curves for different tritium concentrations are found and limiting gain curves are derived. Finally, tritium-poor fast ignitor is compared to equimolar deuterium-tritium fast ignitor.
Introduction
Deuterium is one of the essential elements which used in nuclear fusion reactions. Some of the most important fusion reactions are [1] : The most important cycle of nuclear fuel is deuteriumtritium reaction and it seems that the fuel of the first fusion reactor is deuterium-tritium (DT). The reason is the highest level of fusion cross-section in this reaction in comparison to the other three reactions because the level of cross-section depends on rate on its own turn depends to the power of fusion. Therefore, the released energy in this reaction is more than the others. In fact, the main part of energy will be carried and brought out of the area by neutron. In addition to the ignition of central spark based on which the result structure for fuel consists of hot central spot and cold fuel, the other concept which is called fast ignition concept is being considered. Based on this structure we can achieve to the similar structure for fuel and continuous production of nuclear power.
The mechanism of ignition of capsule is performed in four stages: 1 Irradiation, 2 Compression, 3 Ignition, 4 Explosion. Fig. 1 shows fast ignition process. The main concept of the fast ignition process is that, at first, the fuel is imploded to high density by laser or some other compression beam types as discussed in Ref. [2] . Next, the energy of ignition is carried to the central area of target very quickly. It does not need a hot central spot with a low density [3] . [4] (color online)
Fig.1 Fast ignition process
In fast ignition for producing burned wave, ignition does not depend on the coincidence of formation of hot spot and creation of cold compression fuel around it. It will be expected that the compulsion of symmetry implosion which restricts the efficiency of heat and density usually reduces. At the same time, in a classic model, the necessity of density differences between the hot spot and the fuel around it for stable pressure is disappeared. These traits cause to more gain because less energy is used to reach high density [5] . An essential matter is how the energy transition is in an area with high plasma density. In the fast ignition approach, a cut is made in capsule and a piece of metal like aluminum or copper is placed at the end of it. A laser beam penetrates to the capsule through the cut. Due to the reaction of the nuclei of metal to the laser beam, the relativistic electrons or energetic protons are generated. These particles deposit their energy into the fuel mass, and then the conditions of ignition are provided at the first domain of fuel. Some particle beam parameters such as stopping power, Debye length and so on are important aspect of particle beam in deposition their energy into the fuel mass that consider in some researches such as Ref. [6] . The wave of ignition is disseminated in all fuel area gradually by the first fusion reaction and causes ignition all over the fuel. Ignition energy is reached by particle beam. First deuteriumtritium reaction occurs in deuterium-tritium seed and alpha and neutron particles are generated. By energy deposition of alpha particles the rest of the fuel, consist of pure deuterium-deuterium, ignited. So, burn wave is propagating in all over the capsule. This area technically is called the hot spot. It is near to the end part of cut in capsule, i.e. the same place of electrons or protons source. Fig. 2 , shows three essential element of Fast Ignition. Fig.2 Three essential elements of the fast ignition [7] (color online)
The minimum amount of ρR that is required for ignition at the temperature of 12 keV is about 0.5 g/cm 2 [8] . Considering this limit one can estimate the necessary energy for the ignition. Ignition energy to produce the central hot spot is over 60 kJ [9] , but considering the losing energy within radiation, the amount of heat conduction and efficiency of hydrodynamic work will increase.
For instance, if a laser beam has a radius less than (0.5/ρ) cm and is absorbed in a depth of about its own radius in the compressed fuel with the maximum density, a hot spot with minimum amount of ρR will be produced. Otherwise, if the beam is absorbed efficiently in a depth of more than 1 cm 2 /g, then an optimum design with larger radius and less temperature will be achieved.
A beam with a radius of r b and intensity of I b has a power of w b =I b πr 2 b . For the depth of R b in the range of 0.15 g/cm 2 ≤ R b ≤ 1.2 g/cm 2 the ignition requirements based on Atzeni's work are as below [8] :
In the fast ignition concept, the fuel is compressed to high density. In the moment of maximum compression, the hot spot can be created by an external source with more concentration, such as an intense laser beam, heavy ion beam, or a current flow of electrons or x-rays. In addition, as it was mentioned before, the need for impulsion symmetry and stability requirement will decreased in fast ignition concept, and in this manner, one can achieve higher gain. This can increase the hope to use the other fuels except some equimolar deuteriumtritium fuel such as; deuterium -fuel frequently and a little tritium, the fuel without tritium with the base of deuterium, such as D 6 Li, D 3 He and exotic fuels, for example P 11 B [10] . Our goal in this examination is deuterium, tritiumpoor fuels, with low content of tritium less than 10%, in fast ignition (FI) concept, and the hot spot is created out of the center and includes a little tritium. In other words, a seed of deuterium-tritium for ignition is necessary. Meanwhile, tritium plays as catalyst.
In section 2, the advantages of using less tritium in the first fuel capsule are expressed. And next in section3, the essential parameters of the fuel capsule, and the other characteristics of fuel are explained. In section4, the consequences of decreasing amount of tritium in fuel capsule are presented and the physical reason of each event will be explained. Finally in section5, the calculating results will be discussed and compared with the results of other available issues.
The benefits of using tritiumpoor in fusion reactors
As it is clear, sigma-v parameter is an important and effective parameter in the rate of fusion reaction and therefore is called fusion reaction rate. Firstly, this parameter is a function of temperature because if the temperature of fusion changes, the speed of particles will change. Secondly, it depends on the type of fusion particles [11] . In lower temperatures i.e. 200 keV, sigma-v parameter of the deuterium-deuterium fusion reaction and consequently, the density of fusion power in a fusion reactor is much less than the deuterium-tritium reaction. So it is one of the benefits of deuterium-tritium fuel in comparison to deuterium-deuterium fuel.
One of the benefits of nearly pure deuterium fuel is the omission of requirement of external covering of Lithium for Tritium breeding. As the tritium breeding comes completely into the capsule, there is no need for high content Tritium. Tritium does not exist naturally. Consequently, the expenses will be decreased. On the other hand, Tritium is a radioactive nucleus, so as its first amount decreases in capsule of fuel the ray damage, and activation of the reactor structure materials will be reduced, and it is an outstanding environmental effect.
D, T-poor fuels are considerable because of less amount of tritium and inherent breeding of tritium and consequently no need of the external cover to produce tritium and decrease in 14.1 MeV neutrons current. In this manner, reduced energy carried by neutron, is estimated about 10%. Whereas deuterium-deuterium reaction in which 70% of energy is exited out of the environment by neutrons. So, the damage of structure and danger of applications concerning with neutron will decrease. The reductions of neutron-leak from the wall also cause the smoothing of neutron spectrum, too. Therefore, neutron activation of environmental elements will decline. The other benefit is that deuterium-deuterium fusion productions can make fusion with deuterium fuel and even with each other. In fact, chain of fusion reaction is appeared.
Main fuel parameters
From the above discussion about deuterium tritiumpoor fuels one may expect that:
a. One seed of deuterium-tritium is required for ignition.
b. Very high density and mass in comparison to equimolar deuterium-tritium fuel is necessary for suitable output.
c. In each event, because of greater burning parameter, H B , for deuterium, tritium-poor fuel the efficiency is considerably less than which for equimolar DT, so, more compression will be required.
Because of its less thickness in fuel capsule, tritium plays an essential role in deuterium, tritium-poor fuels in achievement to high temperature and capsule ignition. Tritium is produced in one of branches of deuterium-deuterium reaction and will be used in deuterium-tritium reaction. 
in which H B called burning parameter that is assessed in the average of some is burning temperatures. For some deuterium-tritium equimolar fuel and similarly for deuterium, tritium-poor fuel H B can be expressed as:
in which x is the initial fraction of tritium, and c s is the speed of sound. It seems that H B variations are relatively low and its minimum occurs around 50 keV which does not take place in the real burning region. This condition seems worse for the pure deuterium fuel because of less variation of H B and its larger value. Consequently, the fraction of pure deuterium fuel in comparison to DT fuel depends on confinement parameter ρR. Thus, for effective burning, more density and mass of fuel is necessary.
Burning parameters according to the temperature have been shown for both conditions. As it can be seen in Fig. 3 , if the fraction of tritium is higher than 10%, the curve of H B is very near to the curve of equimolar fuel. Thus, increasing tritium fraction more than 10% doesn't have more effect on H B value. We consider fuel of mass m, which is compressed to density ρ and radius R by a driver pulse of energy E dc , with coupling coefficient η c . At this time, the hot spot of ignition is formed by a second pulse of energy E dig with the coefficient η ig . Therefore, general energy of driver is E d = E dc + E dig and fuel energy ignition is:
But if E dig ≺≺ E dc or η c = η ig that generally exist and ignition energy of deuterium-tritium in deuterium tritium-poor fuels is much less than compression energy, therefore, the equation could be written as: G = η c G f . So G f will be considered in this research.
To survey the dependency of fuel gain on impression energy and fuel parameter, G f relation is given as follows:
in which ε DT is the energy density of tritium-deuterium fusion, α is the isentrope parameter and m is the fuel mass. In this relation,
where C d is a mass related parameter and its value depends on the type of reaction, so for deuterium-tritium reaction is about 0.32. Creation of a spark for fast ignition requires a beam with high intensity and concentration [12] .
In this essay, the energy gain of fuel, G F , is calculated for a fuel capsule with pure deuterium fuel and deuterium-tritium seed with different percentage of tritium, and the diagram of fuel energy gain according to fuel density will be obtained.
In Fig. 4 , the fuel mass is considered to 20 mg and α = 1.5, the temperature of the hot spot is T h = 10 keV, and the radius of used capsule is 1 mm. As it is illustrated in Fig. 4 , as the tritium percentage has been increasing, the energy gain has enhanced and also increasing the density more fuel energy gain will be obtained. Certainly, the density rises to about 10
3 and then the curve shows a gradual decline because more energy density needs more compression to make a compressed core and this decreases energy gain. The curve concerned with equimolar fuel is plotted and it can be seen that this curve is very near to the curve of tritium fraction of 10%. This matter indicates that more increase in tritium fraction does not have such effect on energy gain. 5 illustrates increasing gain as the fuel energy increases and as expected as the ratio of initial amount of tritium increases. The gain shows a rising manner because as the fusion cross-section of deuterium-tritium reaction is more than that deuterium-deuterium reaction, the rate of deuterium-tritium reaction is more than the deuterium-deuterium reaction rate. Therefore, the energy of ignition decreases and consequently, the resultant fuel energy gain which is obtained has more quantity with increasing initial tritium content in the capsule of target fuel. More over for densities more than 1000 g/cm 3 , diagrams behaves the same as previous figures. The density of 1000 g/cm 3 the energy is about 1000 MJ and the energy gain of fuel is 10 4 . Fig. 6 illustrates an upward trend for the fuel energy gain as the output energy increases while the amount of mass density rises and as we do expect, like the previous figure, the gain increases while the ratio of the initial amount of tritium becomes more.
Figs. 7 and 8 illustrate the energy gain according to the initial tritium content for different sizes of capsule and isentrope parameter. Processes are in agreement with physics requests, and the important matter is that the gain increases merely until the tritium ratio reaches to 10% and after that this ratio does not have such effect on the fuel energy gain. As the size of capsule becomes larger the confinement parameter is increasing, and this causes a rise in energy gain. In Fig. 9 , the effect of isentrope parameter, α, variations on fuel gain vs. mass density is shown. It can be seen that more energy gain is as to α amount of 1.5. It can be expected according to physics concepts of isentrope parameter, that whenever α tends to 1, more gain will be obtained. Isentrope parameter is one of the important parameters in the nuclear fusion category. It is usually displayed by α and is the main identification index for the fuel and expresses the main fuel deviation from the complete degeneracy. This parameter is defined as a ratio of main fuel pressure over Fermi degeneracy pressure in the same density of main fuel as:
As it is can be observed, whatever the fuel pressure is nearer to Fermi pressure i.e. the complete gas pressure, the isentrope parameter will be smaller. In other words it is nearer to the complete adiabatic process. And this subject will provide better conditions for heat conduction to the fuel and temperature increase because in adiabatic conditions all the work done by environment is converted to the heat of system and it will be beneficial for the heat of fusion fuel.
Energy gain variations versus fuel mass density for different values of fuel mass are shown in Fig. 10 . It can be seen that more energy gain obtains from more fuel mass, because whatever fuel mass increases more fusion reactions occur and output energy will increase. 
Conclusion
The potential of tritium-poor deuterium fuels has been analyzed in fast igniters of ICF. The dependence of the fuel energy gain on the mass density and tritium content has been studied. For fuels that predominantly contain more deuterium, higher gains can be obtained by increasing the amount of tritium.
The benefits of using deuterium-pure fuels was expressed and then the influence of reduction of tritium content in fast ignition approach has been considered.
By this idea we could reduce tritium content without any considerable reduction in fuel energy gain. Moreover, the effect of fuel capsule radii on fuel energy gain for fixed values of isentrope parameter and mass density has been studied.
An experience similar to this examination has been done in Ref. [12] . It can be observed that our calculations and diagrams are in very good agreement with the results of simulation which have been done before that itself is a confirmation of being in the right direction on this research process to decrease the initial tritium content in a fuel capsule.
According to these consideration one can understand how to reduce tritium content and use a more pure to produce energy while the environment exposes less damages.
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